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Abstract
A bicatalytic system was prepared by the immobilization of alcohol oxidase enzyme and an alkylamine
organocatalyst in distinct locations of mesoporous nanoparticles. The resulting nanocomposites were able to
perform a sequence of oxidation and aldol coupling reactions, which transformed short chain alcohols into
longer chain molecules. The process takes place at low temperatures, but requires additional enzyme (catalase)
to prevent inactivation of the catalyst. This qualitative study introduces a model of a hybrid multicomponent
nanomaterial that resembles the behavior of multienzymatic systems within confined spaces.
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Chapter 11
Supported Hybrid Enzyme-Organocatalysts for
Upgrading the Carbon Content of Alcohols
Kapil Kandel, Stacey M. Althaus, Marek Pruski, and Igor I. Slowing*
U.S. Department of Energy Ames Laboratory, Ames, Iowa 50011, USA, and
Department of Chemistry, Iowa State University, 1605 Gilman Hall, Ames,
Iowa 50011, USA
*E-mail: islowing@iastate.edu
A bicatalytic system was prepared by the immobilization of
alcohol oxidase enzyme and an alkylamine organocatalyst in
distinct locations of mesoporous nanoparticles. The resulting
nanocomposites were able to perform a sequence of oxidation
and aldol coupling reactions, which transformed short chain
alcohols into longer chain molecules. The process takes place
at low temperatures, but requires additional enzyme (catalase)
to prevent inactivation of the catalyst. This qualitative study
introduces a model of a hybrid multicomponent nanomaterial
that resembles the behavior of multienzymatic systems within
confined spaces.
Introduction
Despite being increasingly considered as a biorenewable alternative to
gasoline for transportation fuels, the use of ethanol in combustion engines
remains limited to blends with petroleum based fuels (1, 2). One of the main
reasons for this limitation is the low vapor pressure of ethanol that arises from
its ability to form hydrogen bonds. In addition, the low carbon to oxygen ratio
of ethanol results in a low energy density, making the mileage per volume lower
than that of gasoline (3). A potential solution to both of these problems is to
eliminate the hydroxyl group and increase the carbon content of ethanol. This
can be accomplished by deoxygenating and coupling individual molecules into
an oligomer. This task has been performed using various approaches, most of
them involving energy-intensive processes such as heating the alcohol at high
© 2013 American Chemical Society
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temperatures in presence of suitable catalysts (4–6). However, it would be
desirable to perform these conversions with as little thermal input as possible.
To achieve this goal we designed a system that involves the use of two different
catalytic species that perform a two step conversion of ethanol at low temperatures
in a single pot. While deoxygenation is in principle a reduction, we considered
an approach in which the alcohol is initially oxidized to an aldehyde and then
oligomerized through a self-aldol condensation at low temperatures (eqs 1 and 2).
To perform these transformations at low temperature, we chose an enzyme,
alcohol oxidase from Pichia pastoris, as the oxidation catalyst that would convert
ethanol to acetaldehyde by reaction with oxygen (eq 1 ). The low temperature
aldol condensation of acetaldehyde (eq 2), can be promoted by amines (7). One
problem with this design is that amines can be oxidized by the enzyme (8). To
avoid this, mesoporous silica nanoparticles (MSN) were functionalized with
amines immobilized mainly in the interior of the pores, with the much larger
enzyme attached to the external surface (Figure 1). This physical separation
should prevent any mutual interference between both catalysts, allow them to act
independently, yet enable sequential transformation of a substrate, thus behaving
like a nanosized assembly line.
Experimental
Tetramethyl orthosilicate (98%), hydrochloric acid (37%), ethanol (99.5%),
methanol (99.8%), 1-propanol (99.5%), 1-butanol (99.8%), acetaldehyde (99.5%),
toluene (99.5%), alcohol oxidase from Pichia pastoris (1KU), catalase from
bovine liver (3980 units/mg) were purchased from Sigma-Aldrich. 3-aminopropyl
trimethoxysilane (97%), 3-glycidoxypropyl dimethyl methoxysilane (97%) were
purchased from Gelest. Block copolymer Pluronic P104 was obtained from
BASF. All reagents were used as received without further purification.
Catalyst Preparation
The MSN catalyst was prepared by co-condensation of 3-aminopropyl
trimethoxysilane (2.1 mL) with tetramethyl orthosilicate (10.64 g) in presence
of the templating agent nonionic block copolymer Pluronic P104 (7 g). The
condensation was performed in an acidic medium (164 g H2O and 109 g 4 M
HCl) under constant stirring (400 rpm) for 24 h at 50 °C. The mixture was then
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set in a teflon-lined autoclave and heated at 120 °C for additional 24 h. The
white solid obtained was filtered, washed with methanol, and dried in air at room
temperature. The templating agent was then removed by Soxhlet extraction in
ethanol for 24 h and the porous solid identified as AP-MSN was dried overnight
under vacuum at room temperature.
To immobilize the enzyme, AP-MSN (1.0 g) was reacted with 3-
glycidoxypropyl dimethyl methoxysilane linker (500 μL) by refluxing in
anhydrous toluene (150 mL) for 3 h. The reaction product was filtered, washed
with dry toluene, and dried overnight under vacuum at room temperature. The
enzyme immobilization was achieved by mixing the linker-AP-MSN (20 mg)
with a sucrose solution of alcohol oxidase from Pichia pastoris (50 μL, 100
units) in phosphate saline buffer (PBS, pH 7.4, 1.5 mL) at room temperature. The
mixture was swirled at 75 rpm in an orbital shaker at room temperature for 6 h.
For the catalase containing material, both enzymes (catalase and alcohol oxidase,
1.0 mg and 50 μL, respectively) were premixed in 0.5 mL PBS, pH 7.4, and a
fresh suspension of linker-AP-MSN in 1.5 mL PBS was added. The mixture was
then swirled at 75 rpm in an orbital shaker for 6 h at room temperature.
Figure 1. Design of the enzyme-organocatalyst material: an enzyme (Enz,
blue.) is immobilized on the external surface of the nanoparticles to promote
the oxidation of ethanol (green) to acetaldehyde (red), and an aldol catalyst
(primary amine, brown) is located in the interior of the pores to oligomerize the
acetaldehyde to compounds with longer carbon chains. (see color insert)
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Characterization
Surface analysis was performed by nitrogen physisorption isotherms in a
Micromeritics Tristar surface analyzer. The surface areas were calculated by
the Brunauer–Emmett–Teller (BET) method and the pore size distributions were
calculated from the adsorption branch by the Barrett–Joyner–Halenda (BJH)
method. Small angle powder X-ray diffraction patterns were obtained with a
Rigaku Ultima IV diffractometer using Cu target at 40 kV and 44 mA. For
transmission electron microscopy (TEM) imaging, an aliquot of the powder was
sonicated in methanol. A single drop of this suspension was placed on a lacey
carbon coated copper TEM grid and dried in air. The TEM examination was
completed on a Tecnai G2 F20 electron microscope operated at 200 kV. Dynamic
light scattering and ξ-potential measurements were performed in a Malvern
Nanosizer ZS90 using suspensions of the materials with pH 7.4.
Solid-State NMR
13C cross polarization magic angle spinning (CPMAS) solid-state NMR
experiments were used to confirm the structures of the surface bound species.
These experiments were preformed at 14.1 T on a Varian NMR System 600
spectrometer equipped with a 1.6-mm Fast MASTM probe operated at 599.6
MHz (1H) and 150.8 MHz (13C). Experimental parameters are given in the figure
caption using the following symbols: νR is the MAS rate, νRF(X) is the magnitude
of radiofrequency magnetic field (RF) applied to X spins, τCP is the mixing time
during cross polarization, τRD is the recycle delay, NS is the number of scans, and
AT is the total acquisition time. The chemical shifts of 13C and 1H are reported
using the δ scale and referenced to tetramethylsilane (TMS) at 0 ppm.
Catalytic Reactions
Self-aldol reaction was performed by stirring an aqueous suspension of AP-
MSN or linker-AP-MSN (20.0 mg, 10.0 mL) and acetaldehyde (0.100 mL, 1.8
mmol) at 40 °C for 20 h. The reaction was monitored by extraction with 1.0
mL diethyl ether and analysis of the extract by gas chromatography with a mass
spectrometry detector (GC–MS).
The sequential oxidation-self-aldol reaction was performed by adding ethanol
(5 μL, 86 μmol) to a freshly prepared suspension of the enzyme-AP-MSNmaterial
in PBS (3.0 mL). Oxygen gas was bubbled into the suspension for 1 min, and
the mixture was stirred at 40 °C for 20 h. Reaction products were monitored by
extraction with 1.0 mL diethyl ether and GC–MS analysis.
Results and Discussion
Synthesis of AP-MSN and Catalysis of Self-Aldol Condensation
The co-condensation of organosilanes with orthosilicates in the presence of
surfactants is a valuable technique for achieving homogeneous functionalization
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of mesoporous silicas. The interaction between the 3-aminopropyl group and
the surfactant micelles during the synthesis of the material tends to favor its
localization at the interface between the surfactant and the surface of silica (Figure
2a). This interface corresponds to the pore surface of the resulting materials
(9, 10). Powder X-ray diffraction of the material suggests a highly ordered
2D-hexagonal array of mesopores (Figure 2b), as confirmed by transmission
electron microscopy (Figure 2c). Dynamic light scattering measurements were
consistent with the sub-micron particle size observed by TEM (750 × 400 nm
sized particles). Nitrogen physisorption analysis, following surfactant extraction,
confirmed the material possessed a high surface area (575 m2/g) and a narrow
pore size distribution centered at 6.6 nm (Figure 2d). A positive ξ-potential
of the material (+28.0 mV at pH 7.4) was consistent with the presence of the
3-aminopropyl functionality on the surface of the material.
Figure 2. AP-MSN: a) Co-condensation of 3-aminopropyl groups at the
interface between the growing silica polymer and the templating surfactant
micelles, b) small angle powder X-ray diffraction pattern, c) transmission
electron micrograph (insert: zoomed in detail of the micrograph showing the
hexagonal pore order), and d) nitrogen physisorption isotherms (insert: pore size
distribution in nanometers) of the material. (see color insert)
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The catalytic activity of AP-MSN for the self-aldol reaction was tested by
addition of acetaldehyde to an aqueous suspension of AP-MSN. Within five
minutes the white AP-MSN material started to gradually change color to a light
yellow and eventually turned brown. This color change appears to result from
the adsorption of hydroxylated oligomers on the surface of the the material
through hydrogen bonding with surface silanols. GC–MS analysis of the ether
extracts showed a mixture of products (Figure 3), the most abundant being
the dimerization product 3-hydroxy-butanal (65% of the products observed).
Increasing the amount of acetaldehyde lead to a more complex distribution of
products than observed at low concentrations. A tenfold increase in acetaldehyde
concentration altered the distribution of products towards higher molecular
weights, with the trimer 2,4-hexadienal being the most abundant species (36% of
the detected products), and the distinct formation of a tetramer (Figure 3c).
Figure 3. The most abundant products from the self-aldol reaction of
acetaldehyde catalyzed by AP-MSN observed by GC–MS analysis of the ether
extracts (20 h at 40 °C). Products are classified as a) dimers, b) trimers, and c)
tetramer.
Incorporation of Enzyme and Catalysis for Sequential Conversion
AP-MSN was then grafted with the glycidoxypropyl silane linker and the
presence of both groups was confirmed by solid-state NMR (Figure 4). The
incorporation of the glycidoxypropyl group was expected to take place mainly
at the most accessible external surface (11, 12). This glycidoxypropyl modified
AP-MSN suspended better in water and had a slightly more positive ξ-potential
(+30.5 mV), consistent with the reduction of the number of silanol groups
by the grafting procedure. This material was still capable of catalyzing the
self-aldol reaction of acetaldehyde with a distribution of products similar to that
of AP-MSN.
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Figure 4. 13C CPMAS NMR spectra of a) glycidoxypropyl-AP-MSN and b)
AP-MSN. Spectrum a) was acquired using νR = 40 kHz, νRF(13C) = 100 kHz,
νRF(1H) during CP = 60 kHz, νRF(1H) during SPINAL-64 decoupling = 10 kHz,
τCP = 1 ms, τRD = 3 s, NS = 12288, and AT = 10.3 h. Spectrum b) used νR
= 40 kHz, νRF(13C) = 60 kHz, νRF(1H) during CP = 100 kHz, νRF(1H) during
SPINAL-64 decoupling = 11 kHz, τCP = 2 ms, τRD = 3 s, NS = 10240, and AT
= 8.7 h.
Alcohol oxidase was immobilized on the material by covalently binding free
amine groups of the enzyme with the glycidoxypropyl linker (eq 3) (13). The
enzyme was added to a suspension of linker-AP-MSN and the mixture was shaken
for 6 h at room temperature. This led to a red coloredmixture, which became a pink
solid after centrifugation and washing, indicative of the retention of the enzyme.
The addition of ethanol to a suspension of the enzyme-AP-MSN nanocomposite
produced an immediate color change to bright yellow, indicative of the irreversible
inactivation of the enzyme. GC–MS analysis of ether extracts gave no indication
of catalytic activity. To evaluate the possibility that the bound enzyme could be
blocking the pores of the material, a sample was prepared by reacting linker-AP-
MSN (100 mg) with bovine serum albumin (10 mg) as a model of the alcohol
oxidase enzyme. Nitrogen physisorption analysis of the composite revealed that
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the binding of the protein significantly reduced the surface area of the material
from the original 575 to 282 m2/g, while the pore size decreased only moderately
(from 6.6 to 5.6 nm). However, this reduction in porosity would not justify the
lack of activity of the composite.
Hydrogen peroxide is a byproduct of the oxidation of alcohols catalyzed by
alcohol oxidase, and this substance is a potent inhibitor of this enzyme (eq 4)
(14). One way to circumvent this problem is to introduce into the reaction system
a second enzyme (catalase) to facilitate the conversion of hydrogen peroxide to
oxygen (eq 5) (15). The addition of catalase to the alcohol oxidase-AP-MSN
suspension, followed by bubblingwith oxygen and addition of ethanol, enabled the
material to catalyze the tandem conversion of alcohol into acetaldehyde oligomers.
No obvious signs of enzyme inactivation were observed during the first 20 h of the
reaction. However, after 20 h at 40 °C thematerial failed to catalyze the conversion
of additional ethanol, indicating the inactivation of the enzyme.
Surprisingly, contrary to the complex mixtures obtained from the AP-MSN
catalyzed self-aldol reaction of acetaldehyde, the sequential oxidation-aldol
reaction catalyzed by the enzyme-AP-MSN material gave a simple mixture
consisting mainly of the linear trimer (2,4-hexadienal, 72% of the observed
products), and two dimers (2-hydroxybutanal and 2-butenal, 10 and 18% of the
detected products, respectively) (Figure 5). It should be stressed that the main
product of the AP-MSN catalyzed self-aldol condensation was a dimer, whereas
the tandem conversion catalyzed by the enzyme-AP-MSN material produced
mainly a trimer. This suggests that the sequential reaction takes place in a more
controlled fashion than the single step self-aldol reaction.
268
D
ow
nl
oa
de
d 
by
 IO
W
A
 S
TA
TE
 U
N
IV
 o
n 
N
ov
em
be
r 2
5,
 2
01
5 
| ht
tp:
//p
ubs
.ac
s.o
rg 
 
Pu
bl
ic
at
io
n 
D
at
e 
(W
eb
): 
Ju
ne
 11
, 2
01
3 | 
doi
: 1
0.1
021
/bk
-20
13-
113
2.c
h01
1
In Novel Materials for Catalysis and Fuels Processing; Bravo-Suárez, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 
Figure 5. Products observed in the tandem oxidation-aldol conversion of ethanol
catalyzed by the alcohol oxidase-AP-MSN nanocomposite: a) dimers, b) trimer,
and c) acetal formed only upon addition of excess ethanol.
In contrast to the single step self-aldol reaction, a 10-fold increase in substrate
did not have an effect on the product distribution, as the trimer (2,4-hexanedial)
remained the main product of the sequential oxidation-aldol. However, increasing
the amount of ethanol from 29 to 290 mM had two significant effects. First, it
led to denaturing of the enzyme after only 1 h of reaction, as evidenced by the
color change of the reaction media to a bright yellow and loss of activity. This
change in color could not be reversed by bubbling additional oxygen. According
to eq 4 addition of an excess of ethanol must have led to the production of high
concentrations of hydrogen peroxide. If the concentration of this byproduct
became too large, it could not be completely degraded by the limited amount of
catalase available, and would therefore irreversibly deactivate alcohol oxidase
(14, 15). The second effect of the excess of ethanol was evidenced by the
formation of an acetal as detected by GC–MS analysis (Figure 5c). This
product was formed upon acetaldehyde trapping by unreacted ethanol (eq 6).
This side-reaction prevented the already limited amount of acetaldehyde from
undergoing further self-aldolization. Therefore the excess of alcohol inhibited
both catalytic processes: the enzymatic oxidation and the self-aldol condensation.
The product distribution observed in the sequential oxidation-aldol process in
comparison to the one-step self-aldol catalyzed by AP-MSN was likely controlled
by the limited availability of the intermediate acetaldehyde. The availability
of acetaldehyde was regulated not only by the enzymatic activity, but also by
the presence of excess ethanol that could capture the intermediate as an acetal.
Therefore, optimization of the process is highly dependent on the rate of ethanol
feeding. Low ethanol concentrations minimize formation of acetals (eq 6),
and also slow the production of hydrogen peroxide by-product allowing for its
efficient degradation by catalase (eqs 4 and 5).
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Other alcohols were tested to evaluate the scope of application of this
bifunctional catalyst. Alcohol oxidase is known to be a good substrate for short
chain alcohols, with activity decreasing with increasing bulkiness of the organic
group (14, 16, 17). Addition of propanol and butanol to suspensions of the
enzyme-AP-MSN material in presence of catalase yielded the corresponding
dimers with almost 100% selectivity (eqs 7 and 8). The crossed-aldol reaction
between methanol and acetone was attempted but no aldol products were
observed.
Conclusions
We developed a bifunctional heterogeneous catalyst comprised of an enzyme
(alcohol oxidase) and an organocatalytic amine supported on high surface area
mesoporous nanoparticles. This bicatalytic material is capable of promoting
the sequential conversion of small chain alcohols into longer chain aldehydes
with good selectivity. Site-separation of the two catalytic moieties within
different domains of the nanoparticles prevented oxidation of the amine by the
enzyme. Addition of catalase to the system degraded the by-product hydrogen
peroxide, preventing inhibition of the alcohol oxidase enzyme. The reaction
catalyzed by the multifunctional material displayed high selectivity for the
product of trimerization, independent of the initial concentration of substrate
alcohol. However, excess alcohol affected the stability of the enzyme due to
accumulation of hydrogen peroxide. Further work is currently in progress to
improve yields and enzyme stability. Fine tuning the amount of the aminopropyl
active sites on the support, along with incorporation of an enzyme stabilizer,
should provide improved conversion. This exploratory study demonstrates the
enormous potential that the hybrid enzymatic-organocatalytic multifunctional
nanodevices have for the transformation of small molecules into more complex
and valuable products, despite the complexity and difficulties associated with the
creation of such nanosized assembly lines.
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